A previously isolated exoelectrogenic bacterium, strain SD-1 T , was further characterized and identified as a representative of a novel species of the genus Geobacter. Strain SD-1 T was
concentration, and this difference in salt tolerance was even more obvious when cultivated in bioelectrochemical systems. DNA-DNA hybridization analysis of strain SD-1 T and its closest relative, G. sulfurreducens ATCC 51573 T , showed a relatedness of 61.6 %. The DNA G+C content of strain SD-1 T was 58.9 mol%. Thus, on the basis of these characteristics, strain SD-1 T was not assigned to G. sulfurreducens, and was instead classified in the genus Geobacter as a representative of a novel species. The name Geobacter anodireducens sp. nov. is proposed, with the type strain SD-1 T (5CGMCC 1.12536
Direct extracellular electron transfer is a bioprocess that enables certain micro-organisms to transfer electrons to solid-state electron acceptors coupled with substrate oxidization. This process was initially discovered in the study of dissimilatory metal-reducing bacteria in order to understand global biogeochemical cycles (Lovley et al., 2004; Lovley & Phillips, 1986) . Recently, it has been discovered that some of these microbes could produce electrical current using an electrode instead of minerals as an electron acceptor in bioelectrochemical systems (BESs) (Logan, 2008) . These microbes, collectively called exoelectrogens, can be used for different purposes in BESs, such as electricity generation in microbial fuel cells (MFCs), hydrogen production in microbial electrolysis cells (MECs), metal reduction and recovery, desalination, organic product synthesis and treatment of wastewaters (Logan & Rabaey, 2012) . Exoelectrogenic micro-organisms, and the mechanisms used by these microbes to transfer electrons to the electrode, have been studied intensely in the past decade, resulting in a novel subdiscipline of microbiology called electromicrobiology (Lovley, 2012) . However, our understanding of how micro-organisms transfer electrons to and from electrodes is still incomplete, and only a few different microbes have been studied. To improve and expand the applications of BESs, additional microbes are needed in order to further our understanding of the mechanisms of direct extracellular electron transfer and to improve bioreactor performance.
Geobacter sulfurreducens PCA T was isolated from sediments based on its ability to reduce iron (Caccavo et al., 1994) , and later it was shown to be capable of generating electrical current in a BES. To date, a total of 17 species have been identified in the genus Geobacter (http://www.bacterio.net/ geobacter.html). Community analysis of electrode-associated biofilms in BESs inoculated with a wide variety of environmental and engineered-reactor samples have shown that 16S rRNA gene sequences most similar to that of G. sulfurreducens usually predominate in these biofilms (Sun et al., 2012; Torres et al., 2009; Yates et al., 2012) . Moreover, the current generated by strains of this species has been shown to be equal to or higher than the current generated by other mixed or pure cultures (Call et al., 2009; Nevin et al., 2008) . Thus, G. sulfurreducens has been considered as the model exoelectrogenic microbe, and it has been studied extensively in the field of electromicrobiology (Lovley, 2012) . However, not all dissimilatory metal-reducing bacteria are exoelectrogenic. Some bacteria capable of iron reduction are incapable of current generation (Bretschger et al., 2007; Richter et al., 2007) and vice versa (Zuo et al., 2008) . Different characteristics are probably needed for optimal growth on minerals compared with electrodes (Lovley, 2012) . It has also been shown that strains of the genus Geobacter can transfer electrons to other micro-organisms (Rotaru et al., 2014; Summers et al., 2010) . Thus, we hypothesized that novel members of the genus Geobacter might exist in BESs that could outcompete those isolated previously from the natural environment and used to generate current in BESs.
Strain SD-1 T was isolated previously from a mature anode biofilm that was considered to be dominated by G. sulfurreducens (.50 % clones) based on clone library analysis showing .95 % 16S rRNA gene sequence similarity. However, it was discovered that this strain had better performance in current generation, cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and biomass tests in a BES relative to the parent strain as a result of electrochemical evolutionary pressure (Sun et al., 2014) . After additional analysis of the characteristics of this strain based on current generation and genomic, physiological and biochemical analyses, we have concluded that strain SD-1 T is unique compared with other members of the genus Geobacter , and that it represents a novel species that we propose to name Geobacter anodireducens sp. nov.
In order to obtain an exoelectrogenic isolate based on electrochemical growth in a BES, a biofilm was used that had been developed over a 6-month period in an MFC. This MFC was initially inoculated with domestic wastewater (effluent of the primary clarifier at the Pennsylvania State University Wastewater Treatment Plant) (Sun et al., 2012) . The isolate obtained using mini-MECs (Call & Logan, 2011b) through five dilution-to-extinction cycles, as described previously, was designated strain SD-1 T (Sun et al., 2014) . The purity of the culture was checked using microscopy and by 16S rRNA gene clone sequencing (48 clones) (Sun et al., 2014) . Working cultures of strain SD-1 T were then cultivated in an anaerobic basal medium sparged with a CO 2 /N 2 (20 : 80) at 30 u C in all tests, except as noted. The basal medium (pH 6.8) contained (per litre) 10 mM sodium acetate (electron donor), 20 mM ferric citrate (electron acceptor), 2.5 g NaHCO 3 , 1.5 g NH 4 Cl, 0.6 g NaH 2 PO 4 , 0.1 g KCl, 10 ml metal salts and 10 ml vitamins (Caccavo et al., 1994) . The solid medium was made by the addition of a final concentration of 1.5 % (w/v) purified agar to the basal medium. Stocks of the culture were stored in glycerol at 280 u C or as a freeze-dried powder in glass tubes. G. sulfurreducens ATCC 51573
T and Geobacter metallireducens ATCC 53774 T , obtained from the American Type Culture Collection, were used as reference strains.
Genomic DNA for 16S rRNA gene sequence analysis was extracted, amplified and purified and clones were analysed and then extracted from plasmids and sequenced as described previously (Sun et al., 2014) . A phylogenetic tree of strain SD-1 T was reconstructed using 16S rRNA gene sequences (1457 bp) and the best matching 16S rRNA gene sequences were retrieved from GenBank (nucleotide collection) using the MEGABLAST algorithm of the National Center for Biotechnology Information. Multiple alignments and similarity calculations for these sequences were carried out by using the program CLUSTAL W (Larkin et al., 2007) . The phylogenetic tree was reconstructed from the evolutionary distance matrix calculated using the neighbourjoining method by the program MEGA5 (Tamura et al., 2011) . The topology of the tree was evaluated by the bootstrap resampling method (Felsenstein, 1985) with 1000 replicates.
For DNA-DNA hybridization and DNA G+C content analysis, genomic DNA of strain SD-1 T and G. sulfurreducens ATCC 51573
T was extracted and purified by a modified phenol/chloroform method (Purkhold et al., 2000) . DNA-DNA hybridization was performed by a modified renaturation method (De Ley et al., 1970; Huss et al., 1983) , using a Lambda35 100 Bio UV/Vis spectrophotometer (Perkin Elmer) with a PTP-1 Peltier system temperature controller. The DNA G+C content of strain SD-1 T was determined by the thermal denaturation method (Mandel & Marmur, 1968) .
Phenotypic characteristics of strain SD-1 T were compared with those determined previously for the type strains of the two species of the genus of Geobacter that showed the highest similarity based on 16S rRNA gene sequences, G. sulfurreducens PCA T (Caccavo et al., 1994) and Geobacter metallireducens GS-15 T (Lovley et al., 1993) , under comparable laboratory conditions. For transmission electron microscopy examination, 5 ml cell suspension of the isolate grown in basal medium was negatively stained using 2 % aqueous uranyl acetate on a Formvar carbon-coated copper grid. The grid was air-dried and then examined with a transmission electron microscope (JEM 1200 EXII; JEOL) at an accelerating voltage of 80 kV.
The Fe(III) reduction capability of strain SD-1 T was compared with that of G. sulfurreducens ATCC 51573 T and G. metallireducens ATCC 53774 T . After five transfers in basal medium with ferric citrate as electron acceptor and acetate as the electron donor at 30 u C, Fe(II) production was monitored using the ferrozine method (Lovley & Phillips, 1986) . Cells were counted by acridine orange staining and an epifluorescence microscopy procedure (Hobbie et al., 1977) . Acetate concentrations were measured using HPLC. The temperature, pH and salinity ranges and optima for growth of strain SD-1 T , and electron donor and acceptor tests, were determined (in triplicate) over repeated transfer cycles at 30 uC (except in temperature variation tests) for more than 15 days of cultivation per transfer. For temperature, pH and salinity tests, growth was evaluated based on Fe(II) production. For electron donor tests, the basal medium with 20 mM ferric citrate was used except that different electron donors were used in place of sodium acetate, with growth again evaluated based on Fe(II) production. Since acetate is present in excess in the basal medium, Fe(II) production was compared with a no-acetate control. For electron acceptor tests, the basal medium with 10 mM sodium acetate was used except that different electron acceptors were used in place of ferric citrate. Cell growth in medium without solids was evaluated based on OD 600 and acetate consumption. Sulfide was measured by a methylene blue spectrophotometric method (Cline, 1969) . Negative controls for the use of alternative electron acceptors and donors did not contain any electron donor.
Respiratory quinones were analysed using reversed-phase HPLC (Komagata & Suzuki, 1987) . Cellular fatty acids were extracted, methylated and analysed according to the instructions of the Microbial Identification System (MIDI; Microbial ID) with the standard MIS Library Generation Software version 4.5 (Miller, 1982; Sasser, 1990) . G. sulfurreducens ATCC 51573
T was used as a reference for fatty acid analysis. Cells of strain SD-1 T and the reference strain were cultured in basal medium to early stationary phase for chemotaxonomic analyses.
Cytochrome analysis was done on SD-1 T and G. sulfurreducens ATCC 51573
T with cells grown in basal medium. Cultures (3 ml) were resuspended in 20 mM PIPES buffer at pH 7.0. A dithionite-reduced minus air-oxidized difference spectrum of whole cells was obtained on a Mapada UV-3100 spectrophotometer (Caccavo et al., 1994) .
Phylogenetic analysis based on the 16S rRNA gene sequence showed that strain SD-1 T belonged to the genus Geobacter and was most similar (98 %) to G. sulfurreducens PCA T (Fig. 1) . Similarities to strains of other recognized species were below 95 %. A sequence divergence of 2 % based on 16S rRNA gene sequences was not sufficient to characterize strain SD-1 T as a member of a distinct species (.97 % similarity threshold), and therefore DNA-DNA hybridization tests were needed to determine species affiliation (Stackebrandt & Goebel, 1994) . DNA-DNA relatedness of strain SD-1 T and G. sulfurreducens ATCC 51573 T was 61.6±2.5 % (duplicates), which was lower than the recommended DNA-DNA hybridization threshold for delineating bacterial species (70 %) (Wayne et al., 1987) . Thus, strain SD-1 T was concluded to represent a novel species of the genus Geobacter. Moreover, the DNA G+C 
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Geobacter anodireducens SD-1 T (KF006333) Fig. 1 . Neighbour-joining tree showing the phylogenetic position of strain SD-1 T based on 16S rRNA gene sequences available from the GenBank/EMBL/DDBJ databases (accession numbers in parentheses). The tree was reconstructed using the neighbour-joining method. Bootstrap values at nodes were calculated using 1000 replicates (only values .70 % are shown). Bar, 0.5 % sequence divergence.
content of strain SD-1 T was 58.9 mol%, which was similar to that of G. sulfurreducens PCA T (60.9 mol%; Caccavo et al., 1994) .
Cells of strain SD-1
T were Gram-negative, non-sporeforming and non-motile. For morphological analysis, strain SD-1 T was observed by both transmission and scanning electron microscopy. Both transmission and scanning electron microscopy (Sun et al., 2014) analysis showed that cells of strain SD-1 T were short, curved rods (0.8-1.3 mm long and 0.3 mm in diameter), similar to other members of the genus Geobacter (Fig. 2 and Fig. S1 , available in the online Supplementary Material). Cultures of strain SD-1 T produced very tiny colonies on solid media, and the cell material was not pigmented.
All strains of the genus Geobacter isolated so far are able to reduce Fe(III) oxides (Lovley et al., 2004) . Iron reduction, cell growth and acetate consummation were synchronous for all three strains (Fig. S2) . Strain SD-1 T showed the highest Fe(III) reduction capability based on the reduction rate, leading to complete reduction of the supplied Fe(III) in 18 h, compared with 24 h for G. metallireducens ATCC 53774
T and 30 h for G. sulfurreducens ATCC 51573 T .
To determine optimum growth conditions, strain SD-1 T was cultivated at 4, 10, 15, 20, 30, 35, 40, 42 and 45 u C in basal medium. Growth occurred at 15-42 u C, with optimum growth at 30 and 35 u C. For pH tests, SD-1 T was cultivated at pH 4 and 5 (HOMOPIPES buffer) (Prakash et al., 2010) , pH 5.5 and 6 (MES buffer) (Prakash et al., 2010) and pH 7, 8, 8.5, 9 and 10 (bicarbonate-carbonate buffer) in an otherwise identical basal medium. Growth occurred at pH 6.0-8.5, with optimum growth at pH 7.0. The pH and temperature ranges of strain SD-1 T are similar to those of the closely related strains G. metallireducens GS-15 T and G. sulfurreducens PCA T (Caccavo et al., 1994; Lovley et al., 1993) . For salinity tests, NaCl concentrations ranging from 0 to 5.0 %, at intervals of 0.5 %, were used in the basal medium. Growth of SD-1 T occurred over the range 0-3 % NaCl; however, G. sulfurreducens PCA T can tolerate just 1.7 % NaCl (Caccavo et al., 1994) . This difference in salinity tolerance is more obvious when applying the strains in a BES. Strain SD-1 T generated current well in BES when using 200 mM phosphate buffer or 50 mM phosphate and 650 mM NaCl, while G. sulfurreducens PCA T and G. metallireducens GS-15 T can generate current only in 50 mM phosphate and cannot survive in the higher-salt solutions (Sun et al., 2014) .
Physiological characteristics, in terms of utilization of different electron acceptors and donors, provided important evidence that distinguished strain SD-1 T from closely related members of the genus Geobacter (Table 1) . Strain SD-1 T used soluble or insoluble Fe(III) and sulfur as electron acceptors with acetate oxidization. However, it could not reduce fumarate or nitrate, which is significantly different from G. sulfurreducens PCA T and G. metallireducens GS-15 T . G. sulfurreducens PCA T required fumarate as an electron acceptor in ATCC standard medium. In addition to acetate, strain SD-1 T can utilize lactate and pyruvate to reduce iron, but not saccharides such as glucose and malate. With a small amount of acetate (1 mM), it can use formate, propionate and hydrogen as an electron donor. Strain SD-1 T cannot use oxygen as the sole electron acceptor for growth. However, its aerotolerant characteristic was shown by the fact that it required 12 days to reduce ferric citrate completely in the basal medium with 5 % oxygen in the headspace, compared with 18 h for growth under strictly anaerobic conditions. MK-8 was the major respiratory quinone of strain SD-1 T , which has been commonly reported for members of the genus Geobacter (Hedrick et al., 2009) (Table S1 ). MK-9 was the other respiratory quinone detected in strain SD-1 T . However, Geobacter sulfurreducens PCA T also has MK-4, MK-5 and MK-6 in addition to MK-8 and MK-9, and these were not found in strain SD-1 T . Lipid fatty acid analyses showed that strain SD-1 T had the same major fatty acid composition as G. sulfurreducens ATCC 51573 T (16 : 1v7c, 16 : 0, 14 : 0, iso-15 : 0) , except that strain SD-1 T did not have the fatty acid 16 : 1v5c (Table S1 ).
The dithionite-reduced minus air-oxidized difference spectrum of strain SD-1 T (Fig. S3) showed the presence of c-type cytochromes, with absorbance peaks at 423, 523 and 552 nm, which was almost same as the control G. sulfurreducens ATCC 51573 T (422, 523 and 553 nm). c-type cytochromes are an important functional component involved in extracellular electron transfer of the genus Geobacter.
Description of Geobacter anodireducens sp. nov.
Geobacter anodireducens (a.no.di.re.du9cens. N.L. neut. n. anodum anode; L. part. adj. reducens converting to a different state; N.L. part. adj. anodireducens reducing an anode). Short rod-shaped (0.8-1.360.3 mm), Gram-negative, non-motile cells with no spore formation. Aerotolerant, anaerobic chemo-organotroph that oxidizes acetate, hydrogen, lactate or pyruvate with ferric citrate or an anode in BESs as electron donors, but not saccharides. With acetate as electron donor, Fe(III) and sulfur are reduced as electron acceptors, but not fumarate, malate or nitrate. Growth occurs at 15-42 u C and pH 6.0-8.5, with optimal growth at 30-35 u C and pH 7. Grows in basal medium containing as much as 3 % NaCl. The major respiratory quinone is MK-8. The major fatty acids are 16 : 1v7c, 16 : 0, 14 : 0 and iso-15 : 0. (Caccavo et al., 1994) ; 3, G. metallireducens GS-15 T (Lovley et al., 1993) . All tests were performed under comparable conditions. Ferric oxyhydroxide and birnessite were prepared as described previously (Caccavo et al., 1994 (Caccavo et al., 1994) , but it was recently shown that this strain can use both of these substrates (Call & Logan, 2011a; Viulu et al., 2013) .
The type strain, SD-1 T (5CGMCC 1.12536 T 5KCTC 4672 T ), was isolated from a biofilm in a previously studied MFC initially inoculated with domestic wastewater (effluent from the primary clarifier at the Pennsylvania State University Wastewater Treatment Plant). The type strain has 61.6 % DNA-DNA relatedness with G. sulfurreducens ATCC 51573
T , and the DNA G+C content of the type strain is 58.9 mol%.
